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ABSTRACT 

We argue that the observed "accretion rate gap" — between black holes in radio- 
loud active galactic nuclei (AGN) accreting at close to the Eddington limit and those 
accreting at considerably lower rates — can be explained in terms of the adiabatic 
inflow-outflow (ADIOS) scenario for radiatively inefficient accretion. Whenever the 
accretion rate falls below a threshold value (corresponding to a luminosity Lcrit) that 
depends on the viscosity parameter, a, the inner region of the accretion disk — extend- 
ing from the marginally stable orbit to ~ 1000 Schwarzschild radii — is susceptible to 
becoming hot and radiatively inefficient. If this happens, the disk luminosity decreases 
by a factor of ~ 100, as most of the matter originally destined to be swallowed is in- 
stead expelled in a wind. According to our conjecture, accretion flows onto black holes 
never radiate steadily in the range ~ O.OlLcrit < L < Lcrit, hence the inferred accre- 
tion rate gap. We expect the gap to exist also for black holes in X-ray binaries, where 
it may be responsible for state transitions and the luminosity fluctuations associated 
with X-ray nova outbursts. 
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1 INTRODUCTION 

Several observational indicators point to surprisingly low 
accretion luminosities in low power radio galaxies and BL 
Lac objects, compared to radio-loud quasars. Evidence in- 
cludes the lack of strong emission lines, limits on nuclear 
photon densities, and low levels of X-ray emission (see, e.g., 
Urry & Padovani 1995 for a review; Celotti, Fabian & Rees 
1998; O'Dowd, Urry & Scarpa 2002; Di Matteo et al. 2003). 
The radiated output is orders of magnitude lower than that 
corresponding to the (Bondi) accretion rate of the detected 
hot gas at the accretion radius for a 10 per cent efficiency 
(Fabian & Rees 1995, Di Matteo et al. 2003, Pellegrini et al. 
2003). Limits on the accretion luminosity are particularly 
stringent for Sgr A*, where the observational limits indicate 
nuclear emission corresponding to a few 10~® of the Ed- 
dington luminosity I/Edd of the associated black hole (e.g.. 
Yuan, Quataert & Narayan 2003), and M87, where the limit 
from X-rays corresponds to ~ lO"'^ ^Edd, and ~ 10~* of the 
Bondi luminosity for a 10 per cent radiative efficiency (Di 
Matteo et al. 2003). 

Recently, Marchesini, Celotti & Ferrarese (2004) have 
found evidence for bimodal behavior of the nuclear emis- 
sion, in the sense that there appears to be a paucity of 
sources with bolometric accretion luminosities in the range 
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10*^ erg s"^ < Lboi < 10""^ erg s"^ While the low nuclear 
luminosities associated with accretion in low-power radio 
sources (and even the origin of the FRI/FRII dchotomy) 
have long been ascribed to radiatively inefficient flow sce- 
narios (Rees et al. 1982; Begelman 1986; Fabian & Rees 
1995; Zirbel & Baum 1995; Reynolds et al. 1996a,b; Ghis- 
ellini & Celotti 2001), we concentrate here on the actual 
transition to such a regime. Motivated by the findings of 
Marchesini et al. (2004), we argue in this Letter that a bi- 
modal luminosity distribution is a natural consequence of 
the adiabatic inflow-outflow (ADIOS) scenario (Blandford 
& Begelman 1999, 2004) for radiatively inefficient accretion. 
After summarizing the observational evidence in Section 2, 
we show how bimodality can result from ADIOS (Section 
3). We discuss the observational implications of our results 
in Section 4. 



2 OBSERVATIONAL EVIDENCE FOR A GAP 
IN THE ACCRETION RATE 

Recent work on a sample of radio-loud sources, comprising 
low- (FRI, Fanaroff & Riley 1974) and high-power (FRII) 
radio galaxies and radio-loud quasars, not only finds full 
agreement with the indications of low accretion luminosi- 
ties in the former systems, but also shows the presence of a 
bimodal behavior in their inferred accretion rate properties 
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(Marchesini et al. 2004). The accretion rate in Eddington 
units, m = L/T]L-Edd, where r; = L/M(? is the radiative 
efficiency, has been estimated from the black hole mass, in- 
ferred from its correlation with the host bulge B-magnitude 
(Merritt & Ferrarese 2001, Gebhardt et al. 2003, Haring & 
Rix 2004) and from the nuclear optical luminosity measured 
from HST images via a bolometric correction. 

It turns out that while the black hole masses span a 
relatively large range, they are clustered around 10* — lO'' 
M0 and there is no systematic difference in their values be- 
tween FRI radio galaxies, FRII radio galaxies, and radio- 
loud quasars. However, the distribution in bolometric lumi- 
nosity, and (even more so) in the corresponding mass accre- 
tion rate, appears to be bimodal, with peaks defined around 
m ^ 10^^ for FRIs and around m ^ 1 for broad line galax- 
ies -I- quasars (for rj = 0.1). The behavior of FRII narrow 
line radio galaxies refiects their spectroscopic (nuclear line) 
properties, in the sense that low-excitation line galaxies be- 
have as FRI, while high excitation FRII galaxies likely have 
obscured nuclei (as already proposed, e.g., by Laing et al. 
1994; Jackson & WaU 1999; Chiaberge, Capetti & Celotti 
2002). If the obscuration of the high excitation radio galax- 
ies is taken into account, the distribution in tfi reveals a 
region between the two peaks, extending about two orders 
of magnitude, few 10^"^ ^ ih 4; few 10^^, which is charac- 
terized by a marked deficiency of sources. 

We stress that the sample has been selected on the basis 
of the extended radio properties and thus it is not biased by 
the nuclear emission. (While the whole sample is not com- 
plete, it includes a complete subsample of nearby [z < 0.3] 
3C radio galaxies, which also reveals the presence of such 
a gap.) We refer to Marchesini et al. (2004) for a critical 
discussion of the methods, the possible role of observational 
biases — which turned out not be responsible for the de- 
duced bimodality — and the findings. 

As briefiy discussed in the above paper, one can envis- 
age different processes leading to such a distribution and in 
particular to a transition and a gap. Here we focus on the 
possibility that such a transition and gap arise as the flow 
becomes radiatively inefficient below a certain m and thus 
becomes subject to significant mass outflow. 



3 ADIOS AND THE ACCRETION GAP 

Radiatively inefficient accretion, as implied by the low nu- 
clear luminosities in inactive and some active galaxies, might 
occur naturally at low accretion rates if the accreting gas 
density is low enough to inhibit the energy coupling between 
protons and electrons. Under such conditions the flow radi- 
ates very inefficiently, remaining hot and attaining a geo- 
metrically thick configuration. 

Initially, it was supposed that dissipated energy would 
be retained by the accreting gas and advected into the black 
hole (Ichimaru 1977, Rees et al. 1982, Narayan & Yi 1994, 
Abramowicz et al. 1995). However, attempts to model these 
flows dynamically revealed an inconsistency in this argu- 
ment: the transport of angular momentum through the flow 
deposits so much energy in the accreting gas that it be- 
comes unbound at all except the innermost radii (Narayan 
& Yi 1994, 1995a; Blandford & Begelman 1999, hereafter 
BB99). This suggests that enough energy — and presum- 



ably mass — must be lost from the flow to keep it bound. 
BB99 proposed that this mass loss could make the accre- 
tion rate onto the black hole much smaller than the rate at 
which mass is supplied at the outer boundary. According to 
their "adiabatic inflow-outflow solution" (ADIOS) scenario, 
the mass inflow rate through the disk declines as rh oc r" 
between some outer transition radius, rtr, where the flow 
becomes hot, and the marginally stable orbit, rms, where it 
is captured by the black hole. The mass flux index n sat- 
isfies < n < 1; values in the upper half of this range are 
plausible (Blandford & Begelman 2004). 

In the ADIOS model, extremely low luminosities are 
possible because the reduced accretion rate compounds the 
intrinsic radiative inefficiency of the flow. However, the lu- 
minosity cannot drop below that produced by the thin ac- 
cretion disk at r > rtr, 
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where rtr is expressed in units of the Schwarzschild radius. 
Note that our definition of rh differs from that used in papers 
by Narayan and collaborators by one factor of the efficiency 
Tj (for which we adopt a value of 10 per cent) at rms, i.e., 
our values of rh should be larger than those used by Narayan 
by a factor rj"^ ^ 10. We also assume that the inner, hot 
flow does not pump a large amount of energy into the thin 
disk, but rather loses most of it in the wind. As a result, the 
torque across the inner edge of the thin disk at rtr is smaller 
than the Keplerian value, and we do not expect the local 
dissipation rate at r > rtr to be ~ 3 times the local release 
of gravitational binding energy (Shakura & Sunyaev 1973). 

If n ~ 1, the hot flow region will contribute at most 
a luminosity comparable to that produced in the thin disk 
region. If n is smaller, the amount of radiation produced near 
the center depends on the rate at which electrons are heated 
directly (as opposed to receiving energy from the protons), 
e.g., by reconnection (Bisnovatyi-Kogan & Lovelace 1997). 
We suppose that the outer disk luminosity gives a reasonable 
estimate for the total luminosity in cases where the inner 
disk becomes hot. 

A hot accretion flow can exist at a given radius r only 
if the local accretion rate, 'm{r), is smaller than some crit- 
ical value, mcrit(r), that depends on the Shakura-Sunyaev 
viscosity parameter, a. For r < lO"', 
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(Rees et al. 1982, Narayan & Yi 1995b, Abramowicz et 
al. 1995), and is insensitive to radius provided that the 
electrons and ions are thermally coupled only through 
Coulomb scattering (thus allowing a "two-temperature" 
flow) (Narayan 1996). The coefficient of a^ depends on de- 
tails of the radiation environment, magnetic field and flow 
geometry, and could be as small as a few or as large as 
~ 50. At r > lO"', mcrit(r) declines with radius at a rate 
that lies between oc r^^" and oc r^"'", depending on the 
importance of line cooling (Esin 1997). The change in slope 
of mcrit(r) at r ~ lO"' is associated with the fact that the 
virial temperature is comparable to the electron rest mass 
at this radius. The radial dependence of rhcrit(r) is shown 
schematically in Fig. 1 (analogous plots for ADAF-like so- 
lutions, i.e., without mass loss from the flow, can be found 
in Narayan & Yi 1995b; Esin, McClintock & Narayan 1997; 
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Figure 1. Schematic diagram sliowing tlic accretion rate as a 
function of radius, according to the ADIOS scenario. The sohd 
curve shows the maximum accretion rate, merit i for which a two- 
temperature hot flow is possible. A flow with m > merit max (dot- 
ted line) exhibits a thin, radiative disk at all radii, and conserves 
mass. We conjecture that flows with m < merit, max (dashed line) 
become hot within r > 10"^ and lose most of their mass before 
reaching the black hole. 



Narayan, Mahadevan & Quataert 1998; Menou et al. 1999; 
Yuan & Narayan 2004). 

Steady flows with rn(r) > rherit(?') must be geometri- 
cally thin and radiative, but the converse is not necessarily 
true since two solutions (thin/radiative or hot/advective) 
can exist down to accretion rates <C rherit(r). We conjecture 
that, whenever two solutions exist, the hot solution is the 
one chosen (see also Narayan & Yi 1995b; Esin et al. 1997, 
1998). This then implies that a small, continuous change in 
the mass flow through the outer accretion disk (r > 10"') can 
lead to an abrupt transition in the state of the inner flow 
and the observed luminosity. If rh > merit, max the radiative 
thin disk extends all the way to the black hole and the lu- 
minosity is high, but if m drops below rherit.max by even a 
small amount, the region fms <r < 10^ becomes an ADIOS 
with a luminosity > 100 times lower. 

In the next section we show that this behavior naturally 
explains the luminosity statistics of AGN. 



4 DISCUSSION AND CONCLUSIONS 

If interpreted as due to ADIOS-Iike accretion, the observed 
gap in m implies that for low-luminosity sources, the accre- 
tion rate onto the black hole is about two orders of magni- 
tude less than the rate at the transition radius, in turn sug- 
gesting a dependence m oc r. Thus, a gap in the accretion 
rate onto the black hole corresponds to a continuous distri- 
bution of mass accretion rates at the outer radii. The flow 
radiative inefficiency would further contribute to - but not 
solely account for - the observed luminosity gap. This sce- 
nario also accounts for the discrepancy between the (Bondi) 



accretion rates estimated in sources like Sgr A* and M87 
and the extremely low levels of emission detected from the 
nucleus. 

The spectrum associated with low-luminosity accretion 
is expected to be dominated by a quasi-thermal (cold) mul- 
ticolor blackbody (and lines) from r J? rtr, with frequency 
peaking around a few 10^^ Hz, and a smaller total luminosity 
contribution from optically thin bremsstrahlung and Comp- 
ton emission plus thermal cyclo-synchrotron radiation. The 
optically thin component might well dominate at optical 
wavelengths, if the transition to an optically thin outflow so- 
lution is rapid within rtr- A non-thermal component might 
also be present if a fraction of the flow energy is dissipated 
into a non-thermal electron population; at present we do 
not know how to calculate its magnitude. While the thermal 
component is expected to be weakly variable, a non-thermal 
contribution produced close to the black hole could give rise 
to rapidly flaring emission (such that observed from Sgr A*: 
e.g., Markoff et al 2001; Yuan et al 2003). 

A prediction specific to this scenario is the presence of 
"slow" winds associated with low ra sources. In particular, 
we would expect significant mass outflows, riiout ~ m(rtr) ~ 
lOOm(rms), with velocities Uout ~ WKepi(''tr) ~ lO** km s~^, 
while outflows from high-rh sources would have speeds ~ c 
and would emanate from close to the black hole. 

It should also be noted that the available flow energy 
reaching ~ rms amounts typically to ~ 2q42-43 ^^.g g-i £qj. 
black hole masses in the range ~ 10* — 10^ M©. This ap- 
pears to be barely sufficient to energize the jets associated 
with these systems (e.g., M87, Owen, Eilek & Kassim 2000, 
Reynolds et al. 1996a; 3C 84, Fabian et al. 2002) unless the 
jet forms on larger disk scales — as might be indicated by 
the high resolution imaging of M87 (Biretta, Junor & Livio 

2002) — or involves energy extraction from the spin of the 
black hole. 

Finally, we note that the transition between luminosity 
states and the presence of a gap in the accretion proper- 
ties of radio-loud AGN could be analogous to spectral state 
transitions in black hole X-ray binary systems and micro- 
quasars. The values of the transitional m, the nuclear spec- 
tral properties and possibly even the onset and nature of 
jet production (e.g.. Fender et al. 1999, Meier 2001, Fender 

2003) could all be broadly similar. In the X-ray binary case, 
in fact, it appears that jets are associated only with accre- 
tion states (very high and low/hard) corresponding to high 
and low accretion rates. There appear to be some differ- 
ences, however. First, the results by Marchesini et al. (2004) 
show that in the case of AGN, the gap in accretion rates 
is larger than that in the case of stellar-mass black holes 
(where it typically spans a factor ^ 10, e.g., Nowak 1995, 
Fender 2003). Secondly, a complete analogy between X-ray 
binaries and AGN would require the identification of a pop- 
ulation of non-jetted AGN with intermediate accretion rates 
(corresponding to the high/soft state in binaries). So far, the 
existence of an accretion rate gap has been established only 
for radio- loud AGN. It remains to be seen whether interme- 
diate accretion rates occur in the more numerous radio quiet 
AGN, or if such intermediate states are entirely absent for 
supermassive black holes. 
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